Purpose Chemoneuropathy remains a painful, burdensome complication of cancer treatment for patients receiving a range of chemotherapeutics, yet the cause and persistence of this condition are not fully documented. This study was designed to quantify the longevity of and contributions to neuropathy following treatment with the plant alkaloids paclitaxel and vincristine. Methods Quantitative sensory testing was conducted approximately 18 months apart on 14 patients, seven of which had been treated with paclitaxel and seven with vincristine and compared to data from 18 healthy control subjects. In addition, skin biopsies were obtained to investigate changes in the density of Meissner's corpuscles and epidermal nerve fibers (ENFs), the loss of which is thought to contribute to multiple forms of neuropathy. Results Impairments in motor skills, as measured by a grooved peg-board, were found. Deficits in touch detection were observed using von Frey monofilaments, as were changes in sharpness detection using a weighted needle device. Using a Peltier device, warmth and heat detection were impaired. These deficits were consistent across time. Remarkably, the average length of time patients reported painful neuropathy was over four and a half years. Skin biopsies were found to be deficient in Meissner's corpuscles and ENFs. Conclusions The combination of widespread deficits in sensory testing and decreases in skin innervation for cancer patients receiving paclitaxel or vincristine document a persistent polyneuropathy which severely impacts these patients. Decreases in Meissner's corpuscles and ENFs indicate a possible mechanism for the neuropathy.
Introduction
Chemotherapy-induced peripheral neuropathy remains a painful and burdensome complication of cancer treatment for patients receiving a range of chemotherapeutic agents including cisplatin [8] , bortezomib [4] , vincristine [22] and paclitaxel (Taxol) [11] . This neuropathy is characterized by paresthesia and dysesthesia that often presents in a stocking and glove distribution originating in the hands and feet [7] . Painful neuropathy is often severe, with patients reporting visual analog scores of 7 [11] or 8 [4] out of a possible 10, and is poorly responsive to pharmacological management [4] .
Paclitaxel and vincristine, both of which are plant alkaloid derivatives, exert their antineoplastic effects by interfering with microtubule function. While both ultimately result in cell cycle arrest, paclitaxel works primarily by stabilizing microtubules [27] , whereas vincristine inhibits microtubule assembly [16] . Both agents result in identical complaints of neuropathy, including pain and numbness, motor impairment, and decreased pinprick and vibration perceptions [9] . This neuropathy can occur as early as the first treatment and may last indefinitely. The relatively few studies that have examined the persistence of chemoneuropathy report that the pain continues for at least 1 year following bortezomib [4] or oxaliplatin [5] , 6 months following cisplatin [13] , and up to 48 months following paclitaxel [21] .
While the cause of chemoneuropathy is not fully understood, new evidence indicates a loss of nerve fibers innervating the skin in an area of pain may greatly contribute. Decreased epidermal nerve fiber (ENF) densities have been reported in other diseases which result in neuropathy, such as diabetes [14] and postherpetic neuralgia [20] . Further, skin biopsies taken from animals treated with paclitaxel [3] and oxaliplatin [2] show decreased ENF density at a time when mechanical sensitivity is present. Most recently, a case report of a patient with chronic bortezomib-induced chemoneuropathy revealed a drastic loss of both ENFs and Meissner's corpuscles that was most pronounced in the area of greatest neuropathy-related pain [4] .
The current study investigated the persistence of paclitaxel and vincristine-induced painful neuropathy, both from a qualitative and quantitative perspective using psychophysical methods across a broad time span. To further understand the mechanisms of chemoneuropathy, a pilot study of patient skin biopsy was examined for changes in Meissner's corpuscle and epidermal nerve fiber densities.
Methods

Patients
All procedures and the informed consent form were approved by the Institutional Review Board of the M.D. Anderson Cancer Center and were in accordance with the Helsinki Declaration of 1975. Study participants consisted of fourteen patients and eighteen control subjects. The control group consisted of subjects recruited from faculty, staff and volunteers from the institute which had no known risk factors for neuropathy. Patients included in this study were those who developed painful peripheral neuropathy that had persisted for at least 3 months following frontline treatment with either paclitaxel or vincristine and were seen by a physician at the Pain Management Center at the MD Anderson Cancer Center. Patients were re-tested at 6 months to 2 years following the first test.
Testing procedure
To begin each testing session, patients were given a list of twenty words (i.e., burning, tingling, numb, cold) and asked to identify those which described their pain [11] .
Patients were also presented with a visual analog scale (VAS) which contains prompts of 'no pain' at the bottom and 'most imaginable' at the top and asked to specify both their on-going and daily maximum pain intensity [11] .
Subjects often report symmetrical pain and sensory disturbances that originate in the fingers and present in a stocking and glove type distribution, resulting in 3 distinct testing areas [6, 11] . Accordingly, these 3 areas were used for the current study:
(A) The painful area: This was determined to be the zone of on-going pain and was predominately located on the tips of the fingers and/or toes. As has been done previously [6, 11] , the tip of the index finger was the site studied here. (B) The border area: This area included body regions which were adjacent to but distinct from the painful area. Numbness and tingling were often present in this area, which often included the palms of the hands and/or soles of the feet. The thenar eminence was tested in this study, as in previous studies [6, 11] . (C) The non-painful area: This area, which was adjacent to but distinct from the border area, was reported by the patient to be felt as 'normal' and was proximal to the wrists and/or ankles. As in previous studies [6, 11] , the volar surface of the arm was studied.
Touch detection thresholds and grooved peg-board test
To determine touch detection thresholds, von Frey monofilaments (Semmes-Weinstein) were applied in an up/down manner [11] , beginning with a bending force of 0.02 g. Each von Frey monofilament was applied to the skin for approximately 1 s, and if the subject failed to detect the stimulus, the next higher force monofilament was applied to the same location. If a given monofilament was detected by the patient, the next lower von Frey was applied to the skin. Monofilaments were applied in this manner until the same filament was detected for three applications. This was then assigned as the touch detection threshold. The grooved peg-board test was used to measure manual dexterity [26] . Patients filled a five-by-five slotted pegboard in an ordered fashion, either across rows or down columns. The number of seconds it took patients to complete the board for both the dominant and the non-dominant hand was measured.
Sharpness detection threshold
Sharpness detection was determined using a weighted needle device [12] . For this test, a blunted 30 gauge needle was attached to weights that were 8, 10, 16, 20, 32, 64 or 128 grams and applied to the testing area for 1 s in ascending order. Three trials were administered per testing site, each separated by an average intertrial interval of 30-90 s. The sharpness detection threshold was determined to be the average force of the stimuli deemed as ''sharp'' or ''painful'' by the patient.
Heat and cold detection thresholds
Patient thresholds for both hot and cold stimuli were assessed using a 36-mm by 36-mm Peltier probe (Medoc Inc.) applied to the skin at each of the testing sites [6, 12] . The threshold for any given site was calculated as the average of three trials. For heat ramps, the baseline temperature of the probe was set at 32°C and a cutoff temperature of 52°C was used. Once a trial began, the temperature of the probe increased at a rate of 0.30°C/s. Subjects were instructed to first indicate when the probe was perceived as warm (warmth threshold) and then painful (heat threshold). The trial was immediately terminated when a patient reported that the heat threshold had been reached; however, in the situation where a subject failed to perceive warm or heat pain, the cutoff temperature was recorded. The threshold to detection of cooling (cool threshold) and then cold pain (cold threshold) was similarly determined, except that the cutoff temperature was 3°C and the probe decreased at a rate of 0.50°C/s. If a subject failed to perceive cold pain, the cutoff of 3°C was recorded.
Meissner's corpuscles and epidermal nerve fibers One patient and seven healthy controls consented to having a 3-mm biopsy taken from each of the three testing sites in order to investigate Meissner's corpuscle and epidermal nerve fiber densities. This tissue was investigated using immunohistochemistry as previously described (2) . Briefly, 50-lm thick sections were exposed to antibodies to the pan-neuronal marker PGP 9.5 (AbD Serotec, Oxford, UK; 1/1000) and the basement membrane marker type IV collagen (Southern Biotech, Birmingham, AL; 1/25).
Confocal images were acquired with an Olympus DSU non-laser confocal microscope to determine ENF and Meissner's corpuscle densities. Nerve fiber density was determined with Neurolucida Software (MicroBrightField, Colchester, VT) by tracing from the intersection of the nerve fiber (PGP-9.5-ir) with the dermal-epidermal junction basement membrane (type IV collagen-ir) to the ending within the epidermis. A counting unit was identified when a nerve crosses the basement membrane [14] .
Statistical analysis
For all statistical analyses, p \ .05 was used as the significance criterion. The analysis of touch detection thresholds was conducted using nonparametric methods (KruskalWallis test). Peg-board completion times, sharpness detection thresholds and thermal thresholds were analyzed using analysis of variance and post hoc comparison of the means with Tukey HSD. Comparisons of mechanical and thermal thresholds were performed between healthy subjects and patients for the different areas of the tested skin.
Results
Subjects
The patient group was composed of 5 men and 9 women with an average age of 60.1 ± 2.30 years, and the control group consisted of 10 males and 8 females with an average age of 55.3 ± 2.38 years. A t test revealed no significant difference in age between the patient and the control groups (p = .21). Cancer diagnoses varied among patients (Table 1) , but all patients were treated with either paclitaxel (n = 7) or vincristine (n = 7) as frontline agents. No significant differences were observed between these two groups in regard to quantitative sensory analyses. Three out of the fourteen patients (21 %) began to experience neuropathy symptoms after a single cycle of chemotherapy, while six patients (43 %) received four or more cycles before symptoms began. Overall, the average number of treatment cycles received prior to neuropathy onset was 3.4 ± .5. Patients were not excluded based on pre-existing or ongoing conditions which may predispose them to neuropathy, such as diabetes or tobacco use. Information regarding these potential risk factors is provided in Table 1 .
The average interval between the original test time point and the follow-up retest time point was 17.6 ± 3.76 months. At the time of the first test, patients primarily chose numbness and tingling to describe the quality of the neuropathy symptoms (Fig. 1a) . Pain quality remained similar at the retest, with the notable exceptions that more patients described the pain as ''dull'', ''shooting'' and ''flickering'' at that time. Pain intensity, both at its worst (VAS maximum) and its least (VAS minimum), also remained similar across time with maximum pain at 7.2 ± .81 at test and 5.9 ± .83 at retest. Daily minimum pain, reflecting the best effect of all pain medications received, was 3.2 ± .78 at test and 3.4 ± .75 at retest (Fig. 1b) . The use of pain medications, calculated as the mean morphine equivalent daily dose (MEDD) also did not change across time, with MEDD of 41.2 ± 7.7 mg at test and 37.4 ± 6.8 mg at the retest (Table 1) .
Persistence of neuropathy symptoms
Patient histories were investigated to determine the length of time patients complained of neuropathy symptoms (Table 1) . On average, patients complained of neuropathy for 40.4 ± 11.17 months prior to the first test. By the time of the retest session, patients had chemotherapy-induced neuropathy for an average of 58.0 ± 11.32 months, or almost 5 years.
Threshold for touch detection and peg-board performance Within the area of pain (fingertips) and in the border zone (thenar eminence) of sensory disturbance, touch detection was severely impaired at both testing sessions for patients (Fig. 2) . In the volar forearm (non-painful area), deficits in touch detection were detected at the time of the original test but not at the retest. Further, impairments in this area were overall not as pronounced as in the other two areas tested. While there was a trend for increased grooved peg-board completion times at the time of the original test when comparing patients to control subjects, this trend was not significant. By the time of the retest, peg-board completion times had significantly increased (Fig. 2) .
Threshold for detection of sharpness
A non-significant trend for sharpness detection deficits was observed in both the border area and the non-painful area at the test. This remained unchanged at the retest. On the contrary, within the area of pain, sharpness detection was impaired (Fig. 3) , and these deficits were still present at the time of the retest.
Thermal threshold
The threshold to detect warmth was significantly elevated in all three areas tested at the time of the initial test, while the threshold for pain was significantly increased in all areas at the time of the retest (Fig. 4a) . The thresholds to detect cool and cold pain were not found to be different from controls, either at the original test or at the retest (Fig. 4b) . Average ± SEM 60.1 ± 2.3 3.4 ± .5 58.0 ± 11.3 41.2 ± 7.7 37.4 ± 6.8
Of the fourteen patients, seven were treated with Taxol and seven with vincristine. From the time at which neuropathy began until the time of the retest (''time with neuropathy''), patients had neuropathy symptoms for an average of 58 months NSCLC Non-small cell lung cancer, MEDD daily medications in morphine equivalent daily dosage a Patient biopsy shown in Fig. 5 Meissner's corpuscles and epidermal nerve fibers
To investigate possible changes in Meissner's corpuscles and epidermal nerve fibers as a result of chemotherapy, consent was obtained from a 45 year of female to collect three 3-mm biopsies, one from each testing site, at the time of the retest. These samples were compared to those obtained from seven healthy control subjects, 4 males and 3 females with an average age of 44.4 ± 2.19 years.
The patient was diagnosed with breast cancer and received paclitaxel as frontline treatment. Pain for this patient was described at the initial test as ''sharp'', ''itching'', ''numb'' and ''cold'', and as ''sharp'', ''squeezing'', ''tingling'', ''numb'' and ''flickering'' at the retest. Maximum and minimum pain ratings were 6.9 and 4.8, respectively, at the initial test. At the retest, pain was consistently rated as 4.5 for both maximum and minimum pain levels. Touch detection thresholds at the first test were .95 for the area of pain, .95 for the border area and 1.81 for the non-painful area. Thresholds remained at these same elevated levels at the time of the retest. Deficits were also found for peg-board completion and sharpness; these deficits remained relatively stable across time.
There was a clear decrease in both Meissner's corpuscle and ENF densities in the patient biopsies as compared to biopsies obtained from healthy control subjects (Fig. 5 ). Whereas control subjects had an average of 34 Meissner's corpuscles/mm 2 in the fingertip, this patient's fingertip biopsy contained only 10, indicating a 71 % difference between the control subjects and the chemotherapy-treated patient. Regarding ENF densities, the patient biopsy contained 92 ENFs/mm 2 within the 3-mm biopsy from the area of pain (finger tip), 71 ENFs/mm 2 within the border area (palm), and 504 ENFs/mm 2 within the non-painful area (forearm) compared to average ENF densities from the control biopsies of 127 ENFs/mm 2 in the fingertip, 236 ENFs/mm 2 in the palm, and 633 ENFs/ mm 2 in the forearm. 
Discussion
The results of the present experiment indicate that if painful neuropathy resulting from treatment with either paclitaxel or vincristine becomes persistent, that is, lasting more than 3 months after therapy has ended, it may become very refractory to improvement. It is important to emphasize that not all patients who develop pain following chemotherapy transition into this chronic condition, but may improve. Yet, the specific numbers of patients in each cohort remain unknown. Biopsies taken from a patient signify that this condition may be attributable to a loss of nerve fibers innervating the skin (ENFs). Patients were assessed an average of 40 months, or over 3 years, after neuropathy first developed. At that time, patients complained of severe and unrelenting pain, in addition to marked impairments in touch and sharpness detection, motor impairments and decreased ability to discern thermal stimuli. These issues remained stable at a later test time, which occurred approximately 18 months after the initial examination. Ab function assessed using touch detection with von Frey filaments, revealed compromise of large myelinated fibers in the areas of reported sensory dysfunction as well as on the volar surface of the forearm which is an area outside of symptom complaint [4, 6, 10, 11] . Compromise in Ad fiber function, revealed by impaired sharpness detection, was found specifically in areas of chemotherapy-induced pain. Finally, compromise in C fiber function as shown by change in heat detection threshold was mild in painful areas of skin in these patients.
At the time of the retest, all patients were continuing to experience neuropathy. Five patients had neuropathy lasting longer than 5 years. Two of these five patients have neuropathy for over 11 years. At the time of the original test, these patients were taking morphine equivalent doses in excess of 20 mg per day, with little change by the time of the retest assessment. The long-term effects of chronic opiate treatment are well documented and include addiction and abuse, tolerance, opiate-induced hyperalgesia, hypogonadism and immune suppression, among others [23] . Taken together, these results highlight a need for better understanding and prevention of chemoneuropathy. Unfortunately, the primary cause of this condition is not yet fully understood.
What is understood is that treatment with chemotherapeutic agents such as paclitaxel and vincristine result in many factors that can influence pain, including activation of glial cells within the spinal cord [19] , changes in the expression of glutamate transporters [29] and increased substance P release in the spinal cord [17] . These results do not, however, explain why patients consistently complain of pain in the more distal regions of the body, such as the fingertips and toes. One possible explanation is that these drugs interfere with microtubule function and axonal transport, and ultimately disrupt normal nerve physiology. Considering that both paclitaxel and vincristine do interrupt microtubule function [16, 27] , this seems to be a plausible explanation; however, other commonly used chemotherapies such as bortezomib and oxaliplatin, which do not hinder microtubules, still produce robust neuropathies. For example, oxaliplatin effectively treats cancer by interfering with DNA synthesis [24] , yet this drug results in a painful and complex neuropathy [1] .
One possible explanation for the genesis or persistence of neuropathy, as well as the regional bodily location of this condition, is a recent and growing finding of decreased ENFs within the area of pain. Significant losses in ENF density has been found in animal models of paclitaxel [3, 28] , oxaliplatin [2] and cisplatin [15] -induced hypersensitivity. In humans, bortezomib-induced chemoneuropathy also appears to be associated with ENF loss, and this loss is most pronounced in the area of pain (fingertip) [4] . This finding of decreased ENF density extends to other conditions that result in neuropathy. Diabetes produces similar symptoms of pain and sensory disturbances as is seen in chemoneuropathy, and biopsies from patients with diabetic-related peripheral neuropathy also show decreased ENF density [14] . In patients with post-herpetic neuralgia, ENF loss is greatest in areas specific to the neuropathic pain [18, 20, 25] . If ENF loss is a major contributing factor to either the genesis or the persistence of neuropathy, it remains to be determined why these fibers are lost.
In summary, the results of this study clearly show a severe and persistent neuropathy resulting from paclitaxel or vincristine treatment in patients. On average, patients reported painful chemoneuropathy lasting over four and a half years. The resulting impairments in motor skills, Fig. 5 Meissner's corpuscle and epidermal nerve fiber densities in biopsies obtained from a healthy control subject and a patient with chemoneuropathy. This figure shows immunohistochemistry staining with the pan-neuronal marker PGP9.5 (green) in the biopsies of a patient with bortezomib-related chemoneuropathy in the area of pain (finger tip) (a), the border zone (palm) (b) and the nonpainful area (forearm) (c). These biopsies can be compared to similar biopsies from a control subject (d, e, f). Epidermal Nerve fibers (ENF) can be seen in the control subject crossing the dermalepidermal junction (D/E J) into the epidermis (Epid) in all regions. Note the extensive decrease in epidermal nerve fibers in the patient biopsies. Also within the control subject biopsies from the fingertip and palm, Meissner's corpuscles (MC) can be clearly seen within the epidermis. These structures are notably absent in the patient biopsies. (scale: 100 lm) touch, sharpness and thermal detection were pronounced and consistent across time. Skin biopsies taken from a patient were found to be deficient in Meissner's corpuscles and nerve fibers, indicating a possible mechanism for the neuropathy.
